Abstract. The effect of percent relative humidity (16-84% RH), moisture content (4.2-6.5% w/w MC), and compression force (4.9-44.1 kN CF) on the light-induced fluorescence (LIF) response of 10% w/w active pharmaceutical ingredient (API) compacts is reported. The fluorescent response was evaluated using two separate central composite designs of experiments. The effect of % RH and CF on the LIF signal was highly significant with an adjusted R 2 =0.9436 and p<0.0001. Percent relative humidity (p=0.0022), CF (p<0.0001), and % RH 2 (p=0.0237) were statistically significant factors affecting the LIF response. The effects of MC and CF on LIF response were also statistically significant with a p value <0.0001 and adjusted R 2 value of 0.9874. The LIF response was highly impacted by MC (p<0.0001), CF (p<0.0001), and MC 2 (p=0022). At 10% w/w API, increased % RH, MC, and CF led to a nonlinear decrease in LIF response. The derived quadratic model equations explained more than 94% of the data. Awareness of these effects on LIF response is critical when implementing LIF as a process analytical tool.
INTRODUCTION
Light-induced fluorescence (LIF) has great potential as a process analytical technology (PAT) tool. To date, all LIF research reports and commercial scale GMP PAT sensors used for powders and tablets have been purpose-built. This limits accessibility to solid state PAT LIF technology and its current utility. More than 60% of the top 200 selling drugs in 2000 had fluorescent structural properties (1) . Fluorescence detection has increased sensitivity (2, 3) , lower detection limits (3), better signal-to-noise ratio (4) , and decreased background noise (4) compared to ultraviolet (UV) and near-infrared (NIR) absorption spectroscopy methods. These advantages result from the Stokes shift between the excitation and emission maximum wavelength and the 90°signal collection angle which minimizes scattered light interference. In addition, fluorescence intensity response is directly proportional to incident irradiance as seen in Eq. 1:
where I f is the fluorescent intensity, P o the incident irradiance or power per unit area, γ the fluorescent collection efficiency, ϕ the fluorophore quantum efficiency, ε the molar absorptivity at the fluorophore excitation wavelength, b the optical path length, and C the concentration of the fluorophore (5) . The fluorescent intensity equation shows that fluorescent intensity response is directly proportional to the incident irradiance. That is, within limits, increasing the incident power per unit area will lead to increased fluorescence response. This is not the case for UV and NIR absorbance spectroscopic methods. Absorbance is a function of the ratio of (P o )/(I), where I is the light intensity exiting from the sample and absorbance is log (P o )/(I). As a result, the sensitivity of fluorescence is approximately 100-1000 times greater than absorption spectroscopic methods (4, 6) which could prove to be an important PAT attribute for low-dose drugs. As more companies move to continuous processes, PATs that provide inline real-time feedback control become even more critical for manufacturing high-quality cost-effective products. Bakeev (7) has provided a recent compilation of PAT spectroscopic process analysis techniques. Our laboratory has reported the use of inline real-time near-infrared granule moisture content (8) and focused beam reflectance measurement particle size determination (9) for a commercial scale continuous granulation-drying-milling process. Previous studies have shown that LIF can be used in pharmaceutical blending to determine the blending end point (1,10). Karumanchi et al. (10) used off-line LIF to determine blend uniformity, mixing end point, and identification of mixer dead-spots for a commercial scale blending operation. This technique has also shown to be promising in nondestructively measuring online active pharmaceutical ingredient (API) tablet concentration (11, 12) . Previously, the authors reported the effect of different tapped densities, compacted densities, concentration, and the interaction of material density-concentration on LIF response (13) . The fluorescent response to powder mixtures containing 0.25 to 10.00% w/w of the same fluorescent API used in this study was evaluated over a density range of about 0.6 to 1.4 g/ cm 3 . This density range was achieved by preparing tapped and compressed compacts. Material concentrations up to 4.00% w/w API and evaluated over a 0.6 to 1.4 g/cm 3 material density (MD) range showed a linear LIF response with increasing tapped and compacted density. API concentrations of 4.00% w/w to 10% w/w API exhibited a negative parabolic LIF response. These LIF responses were fit to a quadratic model equation that included MD, API% w/w, MD 2 , (API% w/w) 2 , and a MD-API% w/w interaction term (adjusted R 2 =0.975 and p value <0.0001). All model terms were highly significant (p value <0.0001).
Fluorescence response can be affected by pH, viscosity, metal ions, temperature, and moisture. The fluorescent charge and resonance species can be affected by pH. As kinetic energy increases with increasing temperature, the number of increased fluorophore collisions results in fluorescent quenching by intermolecular energy transfer (14) .
Previous studies have shown that the presence of moisture due to water and humidity can lead to fluorescence intensity quenching (15) (16) (17) (18) . Mishra et al. (17) studied the fluorescence quenching of salicylic acid (SA) and its sodium salt in a polyvinyl alcohol (PVA) film as a function of relative humidity and water/dioxane solution concentration. The authors exposed SA-doped PVA film to different percent relative humidities (% RH) ranging from 5 to 85% RH. They observed that the fluorophore response decreased nonlinearly as exposure to % RH increased. In another experiment, a SA containing dried PVA film was exposed to different water/ dioxane mixtures (0 to 60% v/v water). In this study, there was an initial dramatic linear decrease in fluorescence intensity with exposure to increased amounts of water followed by a nonlinear decrease in fluorescent response to increased amount of water. McGaughey et al. (18) developed a sol-gelbased optical sensor for the measurement of % RH which was based on the changes in the fluorescent intensity. The % RH detection limit was 0.35% RH indicating that fluorophore response can be sensitive to very small changes in % RH. Guay et al. (2) have recently reported the development of a multiple fluorophor full emission spectra (302-1149 nm) diode array LIF detector for inline quantitative analysis of pharmaceutical granulations. The effect of moisture, hydrostatic pressure, particle size, and dyes on the LIF signal was evaluated. The study showed that higher moisture content resulted in a decrease in LIF peak for starch, which was attributed to fluorescence signal quenching.
The aim of this study was to determine the effect of % RH, moisture content (MC), and compression force (CF) on the LIF response. A central composite design (CCD) was employed to quantitate and statistically evaluate the effect of multiple variables, their interactions, and quadratic effects on the LIF response. Experimental approaches controlling one variable at a time are not capable of quantifying and statistically evaluating the significance of multivariable interactions. It was hypothesized that at the concentration studied, % RH, MC, and CF main factor effects; % RH-CF and MC-CF interaction terms; and % RH, MC, and CF squared effects would have a statistically significant negative impact on the LIF signal. Water is ubiquitous. It is found in pharmaceutical materials such as sorbed water and crystalline water. It is used in granulation processes. Water is present in the atmosphere and % RH is often considered a critical manufacturing process variable that is routinely controlled. Environmental moisture can be sorbed by processing powders and cause clumping and aggregation which can lead to poor powder flow (19) (20) (21) and content uniform problems (22) . Sorbed environmental moisture also can cause moisture sensitive drugs to degrade during the manufacturing process (23, 24) . Likewise, moisture content resulting from a wet granulation process can affect granule friability (25) and compressibility (26, 27) , tablet or roller compact hardness and friability (21) , and drug stability. Compression force is a process parameter that can be measured during tableting or roller compaction. Over a defined compression range, an increase in compression force will lead to an increase in material density. As noted earlier, the LIF signal is a function of material density and API concentration (13) . Therefore, in this particular study, compression force can be considered a measureable process variable that is a surrogate for material density. Knowledge of the effect of % RH, MC, and compressional force on the LIF response is critically important in developing and employing LIF as a PAT tool. 
MATERIALS AND METHODS

Materials and Instrumentation
Materials
Purpose-Built LIF Sensor
A detailed description of the purpose-built LIF sensor including a fiber optic probe has been previously described (13) . A photograph of the portable LIF sensor is shown in Fig. 1a , and a general LIF photometric pictorial diagram is illustrated in Fig. 1b . Fluorescent excitation and detection was accomplished using a xenon strobe light source and photomultiplier tube (PMT) style detector. The strobe had an adjustable energy range of 100-180 mJ at 1-20 Hz. The wavelength range was 190-650 nm and was configured with excitation and emission filters appropriate for the API. For this study, the module unit was fitted with optical filters that provided maximum excitation and emission at 345 and 405 nm, respectively. The PMT had an adjustable gain ranging from 26 to 52. The sensor offset was 250 ns at a strobe period of 100 ms.
Karl Fisher Water Titrator
An Aquastar® Karl Fischer water titrator, model no. AQU33 was used to make water measurements of granulations stored at various relative humidity conditions.
Methods
Calibration of LIF Sensor
The LIF sensor calibration was performed using reference standards (Spectralon® Labsphere, Inc. Sutton, NH) and placing the LIF fiber optic probe directly on the reference standard glass plate. The LIF PMT responses were plotted against the reference standard values and the coefficient of determination (R 2 ) was calculated. According to the fluorescence standard supplier, the sensor was adequately calibrated if the R 2 was 0.950 or greater. To maximize the signal-to-noise ratio and achieve the largest R 2 value, a sensitivity of 43 was chosen for measuring the LIF response of the compacts.
Central Composite Experimental Design and Data Analysis
A central composite experimental design with five center points (JMP Pro 10 Statistical Software: SAS, Cary, NC) was chosen to study the effect of % RH, MC, and CF on the LIF response. The central composite design supports the quantitation and statistical evaluation of the LIF response as a function of multiple independent factors or variables including their interaction terms and quadratic effects. Equation 2 is a representative model equation using % RH and CF as the independent variables: where a 0 is the intercept which is the arithmetic mean when no model effects are specified, a 1 and a 2 are the coefficients for the main effects, a 12 is the coefficient of the interaction term, a 11 and a 22 are the coefficients of each variable's quadratic effect, and ε is the experimental variability. The five center points were chosen to improve the estimate of the study reproducibility and precision. The center points also aid in modeling potential quadratic effects. Interactions between variables are observed that when the level of one variable is changed, the effect of the other variable also changes. Quadratic or squared effects can lead to a curvilinear response surface that exhibits a maximum or minimum in the observed response. The design of experiments (DOE) yielded 13 randomized runs with 5 center points and are shown in Tables I and II . The influence of % RH and MC was evaluated in two separate, but identical, designs. Analysis of variance and development of predictive model equations using least squares of effects were performed for both DOE studies.
API Exposure to Controlled Relative Humidity
The API granules were stored in air-tight glass desiccator jars containing saturated salt solutions. The desiccators were placed in a validated environmental chamber (Environmental Specialties, Inc. Raleigh, NC) that was maintained at 25±2°C. Table III lists the five salts used and their saturated relative humidities which ranged from 16.5 to 84.3% RH. Temperature-humidity loggers (Sper Scientific, Scottsdale, AZ) were used to confirm each desiccator's % RH. A thin layer of API was weighed in an inert weigh boat to a tenth of a milligram and placed in one of the equilibrated humidity chambers. Each sample was weighed at regular intervals until an equilibrium weight was achieved. The weight change of the samples was monitored. All samples reached equilibrium within 7-15 days.
Karl Fischer Moisture Content Determination
After all the samples reached an equilibrium weight, the samples were analyzed for moisture content using the method outlined in the Karl Fischer (KF) manual. One percent v/v water standard was used to calibrate the KF instrument. The API granule sample size was about 0.75 to 1 g. Sample weighing and transfer to the KF test solution was done quickly to minimize any change in moisture content. The KF samples were analyzed in triplicate. The water content percent relative standard deviation (% RSD) range for the five different % RH samples was 0.576 to 2.15. The mean % RSD was 1.40. This indicates that sample preparation and analysis was well controlled with low variability.
Preparation of Compacts
Three hundred ninety milligrams of API granulation was accurately weighed and transferred to an 11.2-mm diameter die. The samples were compressed using a Carver® bench-top hydraulic press (Carver Inc. Wabash, IN) to make compacts at five preset compressional forces (4.9 to 44.1 kN) in the random order designated by the experimental design. Postcompression, the a Reference number upper punch was immediately removed and 10 to 20 s was allowed for elastic recovery. LIF measurements were taken by placing the fiber optic probe directly on the compact and determining the response from three designated locations on the top and bottom of the compact. Triplicate measurements were made at each location. The 18 real-time LIF measurements indicated that there was no measureable change in the moisture content during the data collection process.
RESULTS AND DISCUSSION
The effect of % RH and moisture content was evaluated in separate DOE studies. It is not uncommon for % RH and MC to be used as separate moisture control strategies. Percent relative humidity is often a critical manufacturing parameter for compaction processes such as tableting and roller compaction. Powder flow and compatibility can be affected by exposure to varying % RH. Likewise, moisture content is frequently a critical material quality attribute for running powders that will undergo roller compaction or tableting. Moisture content can affect granule and tablet hardness and friability. Drug stability is also often affected by granule and final product moisture content.
The % RH range studied was 16.5 to 84.3% RH. The compression force ranged from 4.9 to 44.1 which was similar to the range used in the previous reported study (13) . The predictive equation describing the effect of % RH and CF on the LIF signal was statistically significant with an adjusted R 2 =0.9436 and p<0.0001. Percent relative humidity (p=0.0022), compaction force (p<0.0001), and % RH 2 (p=0.0237) were statistically significant factors affecting the LIF response. The model accuracy and statistical significance was improved by taking out statistically insignificant variables from Eq. 2. The model accuracy was evaluated with regards to improvement in R 2 values and the statistical significance was assessed by a decrease in the model's p value. The scaled parameter estimates shown here relate the magnitude of the effect when the factors are scaled to a mean of 0 and a range of 2. In this particular study design, CF has about a 2.5 times greater impact on LIF signal than % RH. The negative coefficients of the main factors indicate that both % RH and CF have a negative effect on the LIF response which was hypothesized. The ability of moisture to cause fluorescence quenching has been reported (15) (16) (17) (18) . In our previous work (13), material concentrations up to 4.00% w/w of the same API used in this study were evaluated over material density range of 0.6 to 1.4 g/cm 3 . The LIF response exhibited a linear increase with increasing tapped and compacted density. The larger densities were achieved using the same Carver Press and compression pressures ranging from about 2 to 44 kN. It was speculated that the increase in LIF signal resulted from an increased amount of API per unit volume. This increase in concentration due to increased density (also associated with increase CF) was referred to as the Bapparent concentrationĉ ompared to the initial blended percent w/w API. API concentrations of 4.00% w/w to 10% w/w API exhibited a negative parabolic LIF response over the same density range. At higher material densities, which were generated by forming compacts on a Carver Press, the LIF signal decreased with increasing density. This quenching phenomenon has been ascribed to competing excited state processes, interacting species, and sample matrix effects that can lead to a decrease in LIF response (5) . A statistically significant MD-API% w/w interaction was also observed in this earlier study. This means that when the level of one factor is changed, the effect of the other factor also changes. In the current study, the interaction between % RH and CF is not statistically significant as hypothesized, and the decrease in LIF response with increasing % RH and CF (also associated material density increase) occurs in an independent fashion versus synergistically. This is an interesting finding requiring further investigation. The lack of a statistically significant interaction between % RH and CF may be due to the narrow moisture content range investigated in this study. The hypothesized quadratic CF effect was also not statistically significant. It is most likely that the CF forces studied were too high to show a significant quadratic effect. Figure 2 shows the LIF response contour plot of CF versus % RH whose design space covers a fairly wide range of compressional forces and % RH. The plot shows a decrease in LIF response with increase CF and % RH. A maximum in the LIF response due to the % RH quadratic effect occurs at around 32-33% RH. A relatively narrow API granule moisture content range of 4.16 to 6.53% w/w water was studied. Analysis of variance showed that MC and CF had a statistically significant negative effect on the LIF response (p<0.0001). This shows that the LIF response is sensitive to small changes in the moisture content in powder matrices such as tablet granulations and powder blends. 
The overall model had an adjusted R 2 value of 0.9874. MC (p<0.0001), CF (p<0.0001), and MC 2 (p=0.0022) exhibited a statistically significant negative impact on the LIF signal. The hypothesized CF squared term's effect approached statistical significance with a p value of 0.1038. Evaluation of the scaled estimates shows that CF has about a 2.3-fold greater impact on the LIF signal than MC. The interaction term between MC and CF was not statistically significant. Figure 3 is an LIF contour plot for CF versus MC. Figure 3 shows that both MC and CF have a negative effect on LIF response. In addition, the plot shows that quadratic effect becomes more noticeable at around 4.5 to 5% w/w MC.
Considering the present research and our previous work, it might be speculated that at API concentrations of 2.5% w/w and less, an antagonist interaction between CF and % RH or MC would occur. At these lower API concentrations, increases in CF would be expected to result in a linear increase in LIF response due to an increase in apparent density. On the other hand, an increase in % RH or MC would be expected to decrease the LIF signal due to quenching. Other investigators (17, 18) have shown fluorescence quenching to occur over a very wide % RH range as well. Therefore, it is likely that that the opposing effects of CF and % RH or MC would result in an antagonist interaction. Further experiments are required to study this phenomenon more fully.
This work has added significant knowledge to the use of LIF in pharmaceutical powder processing. To implement LIF in commercial production, the effect of API concentration (13) environmental % RH, powder moisture content, and CF will need to be taken into account when developing unique standard curves. With this work, it should be possible to use LIF effectively to track powder concentrations, blend endpoints, and make other PAT quantitative measurements during roller compaction and tableting.
CONCLUSIONS
The effect of % RH, MC, and CF on the LIF response has been reported. LIF response is sensitive to small changes in % RH, MC, and CF. At 10% w/w API, increases in % RH, MC, and CF resulted in a nonlinear decrease LIF response. Separate model equations were developed that related % RH and CF, and MC and CF to the LIF response. These separate models were developed since % RH is often considered a critical manufacturing process variable that is routinely controlled while moisture content is often employed as a critical material quality attribute for intermediates such as granulated powders and as a final product attribute test. The models were statistically significant with p values <0.0001 and greater than 94% of the data was fit by the model equations. The interaction terms in the model equations were not statistically significant indicating that the main effects caused the observed decreases in the LIF signal in an independent fashion. Both % RH and MC quadratic terms were statistically significant in their respective models. Evaluation of the scaled parameter estimates showed that CF had a greater than twofold impact on the LIF response compared to % RH or MC. The effects of % RH, MC, and CF need to be considered when developing and implementing LIF PATs for processes such as blending, wet granulation and drying, roller compaction, and tableting.
